Abstract: In recent years, it has been found in engineering practice that the service life of cemented carbide shield machine tools used in uneven soft and hard strata is substantially reduced.
Introduction
Cemented carbide has sufficient hardness, wear resistance, and toughness to avoid brittle fracture. It has been applied very successfully in shield cutting tools. However, when shield tunneling in uneven soft and hard underlying soil, thermal stress and other factors substantially reduce the service life of cutting tools. (The average working temperature of the cutter in the shield machine is 500℃, sometimes 1500℃ in extreme circumstances) [1] [2] Current research shows that the main failure modes of cemented carbide cutters in shield machines are fracture and wear. The reason for failure is that under the simultaneous action of mechanical stress and thermal stress, microcracks are formed and then propagate until the failure of the cemented carbide tools occurs. [3] . Braiden et al. suggested that thermal stress leads to tool cracking, which leads to tool propagation and fracture, resulting in a sharp decline in the service life of cemented carbide under thermal stress. It was also proved by experiments that tool life was significantly affected by the region of thermal strain and the number of thermal cycles during intermittent cutting. Error! Reference source not found. Beste, Coronel and Jacobson et al. prepared slices of the bit surface for analysis using focused ion beam and electron beam thinning. The samples of the bit surface after drilling were analyzed with a TEM (transmission electron microscope). Error! Reference source not found. The Co bonding phase was confirmed to melt first at high temperature, while WC did not. The results showed that the weakness of cemented carbide tools may be mainly due to the partial melting or softening of the bonding phase due to an insufficient melting point and insufficient thermal conductivity of the bonding phase at high temperature; the cemented carbide then fails due to thermal stress. [5] Therefore, if a good method can be found to improve the thermal conductivity while maintaining the hardness of the cemented carbide, the temperature of the tool will be greatly reduced, and the service life of the tool will be increased. Graphene and carbon nanotubes have attracted much attention in recent years due to their very high thermal conductivity and strength.
We attempted to use the excellent properties of graphene and carbon nanotubes to improve the high-temperature properties of cemented carbides. If graphene and carbon nanotubes can be evenly dispersed in the Co phase of cemented carbide, then the dispersed graphene and carbon nanotubes in the cemented carbide can form effective high thermal conductivity channels, improving their thermal conductivity. Moreover, the second phase dispersion strengthening principle can be used to improve the fracture resistance of the cemented carbide matrix to ensure that the cemented carbide retains a high hardness while improving the thermal conductivity. In the field of ceramics and metals, Faming Zhang, Zhiqiang Huang and others added nanophases (carbon nanotubes and nano-Al2O3) to cemented carbides, which played a role in strengthening and toughening the Co phase [7] [8] .
However, there are no studies on the effects of graphene and carbon nanotubes on the thermal conductivity of WC-Co cemented carbide. In this paper, WC-Co cemented carbide with different Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 February 2019 graphene and carbon nanotube contents was prepared by a powder metallurgy process. The effects of the graphene and carbon nanotubes on the thermal conductivity, hardness and strength were investigated.
Experimental

Materials
The primary tungsten carbide powder used in this study had a particle size of 5 µm and a purity of 99.9%. The nano-cobalt powder had a particle size of 50 nm, a purity of 99.9%, a surface area of 40-60 m3/g, and a density of 8.9 g/cm 3 . The single-walled carbon nanotubes (SWCNTs) had a thickness of 0.8 nm, diameter of 0.5-2 µm, purity of 99%, single-layer rate of 80%, and thermal conductivity of 5800 W/mK. The specific surface area of monolayer graphene is greater than 380 m 2 /g, the purity is greater than 90%, and the thermal conductivity is 4000 W/mK. In this study, graphene and carbon nanotubes were added as a percentage of Co content, and the content of Co in the cemented carbide samples was 6 wt%. The composition of the test samples are shown in Table 1 (mean values of three samples in each group). A planetary ball mill was used to mix the powder. According to the force analysis and calculation of the ball in the planetary ball mill, it was concluded that with r=0.0325 m, the rotational speed below 166 r/min would not centrifuge. The ball milling speed was 110 r/min, and the milling time was 4 hours. Ethanol was used as the medium. [9] After powder mixing and dispersing, the mixed powder was vacuum dried in a vacuum drying furnace. The dried powder was poured into high strength graphite jig. A sintered cylindrical sample with a diameter of 20 mm was prepared by SPS sintering equipment. The circular sintered samples were cut into one square and two strips by a wire cutting machine. The size of the block was 10x10x3 mm, and the lengths were 19x2x3 mm and 17x2x3 mm. The diamond sample was used to measure the thermal diffusivity and hardness, and the strip sample was used to measure the bending strength and then for morphology analysis. Because of the high hardness of the sample, the upper and lower surfaces of the sample were burnished with diamond abrasive discs.
Testing of WC-Co Cemented Carbide Samples
Because of the small size of the sintered sample in this experiment, the thermal conductivity of the material cannot be measured directly but can be calculated by measuring the thermal diffusivity and other parameters. Therefore, a TC-7000H laser thermal constant tester was used to measure the thermal diffusivity of WC-Co cemented carbide samples by a laser method. The After testing the thermal diffusivity, we obtained the following data at 500℃. The volume and mass were determined for each sample, and the average density of the sample group was calculated. The difference in specific heat capacity between the three groups of samples was very small.
Because of equipment limitations, only the specific heat capacity data between room temperature and 400℃ could be measured. Therefore, the specific heat capacity data at 500℃ could be estimated from the linear relationship between the specific heat capacity and temperature change.
The specific heat capacities of the three groups of samples were estimated to be approximately 0.23 J/ (g·℃) at 500℃ by linear fitting. Thermal conductivity can be calculated by the following formula: λ = a * Cp * P (Cp = 0.23) Fig. 2 shows that the thermal conductivity of the samples increased to varying degrees after adding graphene and carbon nanotubes. The thermal conductivity of the cemented carbide samples with 0.06% carbon nanotubes and 0.06% graphene increased by 2.63% compared with that of the original samples. The thermal conductivity of the cemented carbide samples with 0.12% carbon nanotubes was 3.78% higher than that of the original samples, and the thermal conductivity of the cemented carbide samples with 0.12% graphene was 9.86% higher than that of the original samples. It is noteworthy that the thermal conductivity of the 0.12% graphene samples increased substantially, with a nearly 10% increase. This shows that graphene has the best effect on the thermal conductivity of cemented carbide compared to that of carbon nanotubes. This may be due to the following factors. First, the specific surface area of graphene and carbon nanotubes is large, although the mass fraction is only 0.12%, and the actual volume fraction may be higher. Second, some types of graphene distributions can bridge the interface between WC and Co and reduce the thermal resistance. According to the theory of contact thermal resistance, the thermal resistance between the solid interfaces will be produced due to incomplete contact. Jin peng's research proved that in WC-Co cemented carbide, the more WC grain boundaries there were, the worse the thermal conductivity, so the interface is one of the main reasons for the larger thermal resistance [11] .
The addition of fillers with good thermal conductivity between the interfaces could reduce the contact thermal resistance [10] . Therefore, the addition of graphene reduced the thermal resistance between the WC and Co interfaces. Third, as a crystalline two-dimensional single-layer of carbon, 
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the two-dimensional structure of graphene can significantly reduce the boundary scattering of phonons at the grain boundary [12] . WC-Co cemented carbide conducts heat through the movement of Co free electrons and the vibration of the WC lattice structure. The phonon boundary scattering at WC grain boundaries is substantial, and the two-dimensional structure of graphene can significantly reduce the phonon boundary scattering at the grain boundaries. Fourth, according to the law of minimum thermal resistance, graphene with a certain filling rate can form an effective high thermal conductivity network, increase high thermal conductivity channels, and greatly enhance the thermal conductivity of materials. In summary, graphene is very effective in improving the thermal conductivity of WC-Co cemented carbide, and therefore a minute amount of dispersed graphene can greatly improve the thermal conductivity.
Hardness Testing of WC-Co Cemented Carbide
Fig. 3 Hardness of WC-Co Cemented Carbide
It can be seen from the diagram that the hardness of the sample remains basically unchanged.
Bending Strength Test of WC-Co Cemented Carbide
Using the bending strength tester, the bending strength of the sample was measured by a three-point test method. The data are as follows. by 45.76%, and the bending strength of the samples with 0.12% graphene increased by 67.84%.
After graphene was dispersed in the cemented carbide bonding phase, its flexural strength was substantially improved. Because graphene has a small size and high hardness, it plays a role in the second phase dispersion strengthening in the weak Co phase.
Cracks in cemented carbides usually propagate in the weak adhesive cobalt phase and ultimately lead to fracture failure. When a crack propagates in a cobalt phase with insufficient yield strength and encounters hard graphene particles or carbon nanotubes, the crack is forced to bypass them because it cannot pass through. As a result, the crack path becomes longer. Therefore, crack propagation and fracture are more difficult in cemented carbide materials because graphene and carbon nanotubes absorb more external energy.
SEM Analysis of WC-Co Cemented Carbide
The secondary electron and backscattered electron images of WC-Co cemented carbide with 0.12% graphene were obtained in this experiment. The location of Co was found by comparing the difference between the secondary electron image and backscattered electron image. EDS was also carried out.
Backscattered and Secondary Electron Images of WC-Co Cemented Carbide Samples
The yield of backscattered electrons is positively correlated with the atomic number. Thus, the bright part in a secondary electron image and the dark part in a backscattered electron image for the same field of view contain components with a lower mass contrast, which in this case, can be judged to be Co. 
The time integration for transient solid heat transfer in ABAQUS is based on the backward difference method. It is divided into two parts. Fig. 7 (c) is a shell with a thickness of 0.5 mm. The remaining part is treated as a whole, as shown in Fig. 7 (b) . Next, set the temperature of the part in Fig. 7 (c) to 1500 degrees and the part in Fig. 7 (b) to 500 degrees. It is assumed that the surface of the gear cutter is adiabatic and does not exchange heat with the outside world. The mesh of the gear cutter was divided by using the DC3D4 element type, and the cell number is 1.3 e 5 . By inputting the density, specific heat capacity and thermal conductivity of the original sample and the sample with 0.12% graphene into the calculation, the dynamic heat transfer process of the teeth can be obtained. Fig. 9 (a) shows that the temperature of the graphene sample is always higher than that of the original sample during heat transfer and cooling. Fig. 9 (b) shows that the temperature difference increases rapidly at the beginning and then decreases rapidly after reaching its maximum value.
Conclusions
The Rockwell hardness of WC-Co cemented carbide with graphene and carbon nanotubes is above 89 HRA, which exceeds the performance requirements of existing shield machine tools with the same composition. With the addition of graphene and carbon nanotubes, the bending strength of cemented carbide increases by approximately 50%. After adding graphene and carbon nanotubes, the thermal conductivity of WC-Co cemented carbide increases, and when the graphene content reaches 0.12%, the thermal conductivity increases to 9.86%. The working temperature can thus be reduced to prevent the Co phase from melting in extreme cases.
Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 February 2019
